Apolygus lucorum (Meyer-Dür) (Hemiptera: Miridae) is an important agricultural pest and may cause serious yield losses to numerous crops in eastern Asia, such as cotton (Gossypium hirsutum L.) production throughout northern China. In this paper, we determined the effect of six constant temperatures (10, 15, 20, 25, 30, and 35ºC) on A. lucorum life history. Successful nymphal development and adult emergence were reported for all temperature regimes, whereas egg eclosion was not observed at 10ºC. Development time decreased with increasing temperature between 10 and 30ºC, slightly increasing at 35ºC. Lower development thresholds of egg and nymphal stages were estimated as 3.2 and 3.7ºC, and their thermal constants were 179.2 and 262.4 DD, respectively. Optimum and lethal temperatures for development were 33.8 and 42.5ºC for eggs, and 31.0 and 38.5ºC for nymphs, respectively. Adult longevity declined with increasing temperature. Fecundity greatly decreased at extreme temperatures (i.e., 10 and 35°C), with the highest value at 20ºC. Our findings could help predict A. lucorum population dynamics in different agro-production regions of eastern Asia and subsequently develop appropriate pest forecasting and management protocols.
INTRODUCTION
The green plant bug, Apolygus lucorum (MeyerDür) (Hemiptera: Miridae) is a polyphagous insect pest that affects multiple agricultural crops, vegetables, stone fruits, ornamentals and pastures (Cao and Wan, 1983; Lu and Wu, 2008) . Both A. lucorum nymphs and adults feed on a variety of plant organs, causing plant stunting, abscission of squares and bolls (in cotton, Gossypium hirsutum L.) and fruit malformation (Chu and Meng, 1958; Lu and Wu, 2008) . At high population densities, A. lucorum cause considerable yield and quality losses . This species is cosmopolitan, with a reported occurrence in Asia, Africa, Europe and North America (Zhang and Zhao, 1996) . Especially in eastern Asia (inc. China, Japan, Korea), A. lucorum is considered a key agricultural pest (Cao and Wan, 1983; Miyata, 1993 Miyata, , 1994 Watanabe, 1995 Watanabe, , 1996 Watanabe, , 1999 Watanabe et al., 1997; Lee et al., 2002; Wu et al., 2002; Lu and Wu, 2008; Lu et al., 2008a) .
In China, prior to commercial cultivation of transgenic Bt (Bacillus thuringiensis) cotton, A. lucorum was kept at a low population level in cotton through frequent insecticide sprays for Helicoverpa armigera control; however, the commercial release of Bt cotton in 1997 meant a sharp drop in insecticide use in this crop (Wu and Guo, 2005; Wu et al., 2008) and the subsequent appearance of A. lucorum and Adelphocoris spp. (Hemiptera: Miridae) as key pests (Wu et al., 2002; Lu et al., 2008a) . The steady increase in A. lucorum population levels since 1997 has resulted in this species presently causing yield losses in multiple other crops (Lu et al., 2007a; Lu and Wu, 2008) . Due to its long-distance flight behaviour, an area-wide outbreak of A. lucorum is common in China (Lu et al., 2007b; K. M. Wu, unpublished data) . Hence, this pest also has the potential to disperse to other countries, subsequently leading to population outbreaks all over eastern Asia.
Amongst others, the actual acquisition of pest status in many major agricultural crops and the rapid geographic expansion of A. lucorum have been facilitated by a lack of appreciation of its phenology (Lu et al., 2007a) . Although A. lucorum population dynamics have been extensively studied in cotton fields (Ting, 1964; Wu et al., 2002; Guo et al., 2005; Xu et al., 2007; Lu et al., 2008a; Fan et al., 2009) , only limited data are available on its life history traits (Ting, 1963; Men et al., 2008) . Additionally, distinct results had been described in two previous studies (Ting, 1963; Men et al., 2008) . Therefore, a sound computation of the life history characteristics of A. lucorum is necessary and could allow an appropriate pest management response for these emergent pests (Lu et al., 2009) .
In this paper, we describe the effect of constant temperatures on A. lucorum development, survival and fecundity. Our data should help develop pest forecasting programs and improve current management strategies for one of the most important agricultural pests in eastern Asia.
MATERIALS AND METHODS
Insect culture. A laboratory culture of A. lucorum was initiated with individuals collected from cotton fields at the Langfang Experimental Station (39.53ºN, 116.70ºE) of the Chinese Academy of Agricultural Sciences in Hebei Province (China) from July to August 2005. The colony was kept in 20ϫ10ϫ6 cm rearing containers and maintained on green beans (Phaseolus vulgaris L.) and a 10% sucrose solution (Lu et al., 2007b (Lu et al., , 2008b . Green beans also served as the oviposition substrate and were changed every other day. Beans containing eggs were subsequently placed in rearing containers lined with filter paper. At nymphal emergence, individuals were transferred to identical containers, covered with nylon organdy mesh to allow air circulation, and provided with fresh food every two days until adult emergence. Each container housed about one hundred nymphs or sixty to eighty adults. The colony was maintained at 29Ϯ1ºC, 60Ϯ5% RH and 14:10 (L:D).
Experiments were conducted at six constant temperatures (10, 15, 20, 25, 30, and 35ºC) in environmental growth chambers (Ningbo Jiangnan Instrument Factory, Ningbo, China) with a photoperiod of LD 14:10 h and 60Ϯ10% RH. Temperatures were maintained at 0.5ºC around the set point, and each temperature regime was considered a separate treatment.
Immature development and survival. The methodology used was similar to Bommireddy et al. (2004) and Lu et al. (2009) . Prior to the experiment, 4-cm-long green beans were placed for 24 h as oviposition substrate in adult rearing containers. After the allotted time, bean sections were removed, the number of deposited eggs was determined, and sections were subsequently placed in a container at a given temperature regime. Egg hatching was recorded daily for 25 d and newlyemerged nymphs were removed from containers. Three batches of eggs (i.e., 30 to 80 eggs) were included per temperature regime.
Newly-emerged nymphs were placed singly into 5 cm high, 1.5 cm diam. glass vials covered with a nylon screen. Each glass vial contained a green bean section as a food and water source, and a 1ϫ5 cm paper strip. Nymphal development and mortality were recorded daily until adult molting or death occurred. Sixty to 90 nymphs were included per temperature treatment.
Adult longevity and reproduction. Adults that emerged under each temperature regime were paired and placed into (3 cm high, 3 cm diameter) glass vials with a nylon screen. Within each vial, we provided a 10% sucrose solution and included a 4-cm-long green bean section as food and oviposition substrate. Bean sections were changed daily and inspected for presence of eggs. Adult mortality was recorded daily, and dead individuals were not replaced. Per temperature regime, 20 to 40 mating pairs were included, and respective adult longevity and fecundity were recorded. Data analysis and model development. Prior to analysis, normality and homoscedasticity of data were determined. Parametric statistics were used for normally distributed data, while non-parametric analyses were conducted on data sets that did not comply with this assumption, even after transformation (Zar, 1999; Sokal and Rohlf, 2001 ). To determine the effect of temperature on adult longevity, the pre-oviposition period and female fe-cundity, the Kruskal-Wallis test was used. When a significant difference (pϽ0.05) was detected by the test, a comparison between temperatures was performed using the Steel-Dwass test.
Percentage data (i.e., nymphal survival, egg hatching rate) were arcsine transformed and compared between treatments using one-way ANOVA followed by a Tukey's honestly significant difference (HSD) test (pϭ0.05). Nymphs that died prior to adult eclosion and adults that produced no eggs were excluded from the respective analyses.
The effect of temperature on the development rate of the various stages was characterized by linear regression using the model yϭbxϩa, where y is the development rate (1/development time), x is temperature, and a and b are regression parameters. The lower development threshold (To) and thermal constant requirement (DD) were estimated using the parameters: ToϭϪa/b and DDϭ1/b (Campbell et al., 1974) . Estimation of the constants To and DD was based on data obtained from the temperature range 10-30ºC. Also, the non-linear Logan VI model was used to describe the relationship between temperature (10-35ºC) and the rate of development, principally because of the biological significance of its parameters (Logan et al., 1976) . YϭP 1 ϫ{exp[P 2 ϫ(XϪTo)]Ϫexp[P 2 ϫ (T max ϪTo)ϪP 3 ϫ(T max ϪX)]} where X is temperature, To is the lower developmental threshold, T max is the upper (lethal) temperature developmental threshold, and P 1 , P 2 , and P 3 are coefficients. The optimum temperature for development was calculated after setting the first derivative of the Logan equation equal to zero. Data fitting was done using JMP IN software (SAS Institute, 2005) .
RESULTS

Immature development and survival
Nymphs completed full development at all temperatures, but no egg hatching was recorded after 25 d incubation at 10ºC. Nymphal developmental time gradually dropped with increasing temperature until 30ºC, slightly increasing again at 35ºC (Table 1) . The relationship between the development rate (y) and temperature (x) were yϭ0.006xϪ 0.018 (pϽ0.001) for eggs and yϭ0.004xϪ0.014 (pϽ0.001) for nymphs. Lower development thresholds of eggs and nymphs were estimated at 3.2 and 3.7ºC, respectively. Respective degree-day accumulations were 179.2 and 262.4 DD. The nonlinear Logan model VI gave a good fit to the data (pϭ 0.004 for egg; pϭ0.008 for nymph) (Table 2; Fig.  1 ). Optimum temperatures were estimated at 34.0 and 31.5ºC, and lethal temperatures at 43.4 and 39.7ºC for eggs and nymphs, respectively ( Table  2 ). The egg incubation rate and nymphal survival differed significantly between temperature regimes (pϭ0.020 for egg; pϭ0.001 for nymph), with maximum rates at 30ºC (Table 3) .
Adult longevity and fecundity
Adult longevity significantly differed between temperature regimes (Kruskal-Wallis test; pϽ0.001 for male and female), and declined with mounting temperature. The length of the pre-oviposition period decreased significantly as temperature increased, but increased again at 35ºC (Table 3) . Lower development thresholds and degree-day accumulations during the pre-oviposition period were 0.8ºC and 191.7 DD, respectively. At a given temperature, longevity did not differ between gender (pϾ0.05) ( Table 3) . Fecundity varied between temperature regimes (pϽ0.001), with the highest values at 20ºC and lowest at 35ºC (Table 3) .
DISCUSSION
Temperature is a key determining factor in the life history of various mirid species (Ting, 1963; Wheeler, 2001; Bommireddy et al., 2004; Lu et al., 2009) . Similar to other studies on mirid ecology, this paper shows that different temperatures greatly affected the development, fecundity and longevity of A. lucorum. Most of our findings were similar to those of Ting (1963) but vastly different from those of Men et al. (2008) (Table 4) . Distinct results may be related to differences in the experimental temperature range, environmental humidity or geographic strains, as observed in other insects (Trimble and Lund, 1983; Stacey and Fellowes, 2002, Fantinou et al., 2003) . More specifically, Men et al. (2008) conducted their research on an A. lucorum strain from Shandong province over a temperature range of 17-29ºC and 80% RH; however, the average temperatures during February-March in key cotton growing regions of northern China range 390 Y. LU et al. between 0-7ºC. Based upon the lower developmental threshold for eggs (i.e., 6.2°C) calculated by Men et al. (2008) , overwintering eggs of A. lucorum may not hatch in early April; however, as substantial A. lucorum egg hatching is recorded during this time period in northern China (Cao and Wan, 1983; Lu and Wu, 2008) , computed threshold levels very likely were overestimated. Also, the lower developmental threshold of A. lucorum was lower than for other mirid pests, such as Adelphocoris suturalis, Adelphocoris fasciaticollis and Adelphocoris lineolatus (Ting, 1963; Lu et al., 2009) (Table  4) . These dissimilarities are consistent with their phenology. In northern China, A. lucorum usually has five generations per year, while Adelphocoris spp. only have three or four generations, and A. lucorum overwintering eggs hatch earlier than eggs of Adelphocoris spp. .
Certain temperature extremes may prove detrimental to insect development (Andrewartha and Birch 1954; Wang et al. 1982; Briere et al., 1999) . In our study, nymphal development was slow at the highest temperatures. Maximum temperatures were reported as 43.4ºC for egg development and 39.7ºC for nymphs, with optimal temperatures of 34.0ºC and 31.5ºC, respectively. To avoid negative effects of elevated temperatures in their natural habitats, A. lucorum nymphs and adults tend to take shelter under leaf surfaces or flowers (Chu and Meng, 1958) . Similarly, A. lucorum eggs are inserted into plant tissues, and hence likely benefit from the relatively stable conditions in the plant interior (Chu and Meng, 1958) .
The response of an insect species or strain to a given temperature regime is inherently linked to its geographic distribution (Keena, 2006) . The favor- Lu et al., 2008a) . Aside from its effect on development time, temperature also influences a multitude of fitness parameters, such as adult longevity and fecundity. Our research showed that A. lucorum fecundity is greatest at 20ºC, and adult longevity gradually drops with increasing temperature. Higher temperatures increase metabolism and consequently reduce life span proportionally (Slansky and Scriber, 1985) . Considering the temperature effects on A. lucorum development and fitness, we designated 25-28ºC as an optimal temperature range for rearing this species in the laboratory (Lu et al., 2008b) . In addition to temperature, rainfall and other abiotic factors are likely to affect the A. lucorum life history, and indirectly its distribution and phenology. Rainfall can lead to substantial increases in A. lucorum population numbers (Ting, 1964; Wu et al., 2002) , and rainfall patterns may therefore also have an effect in determining geographic distribution and phenology; however, much remains to be investigated on the effect of rainfall and relative humidity on A. lucorum development, survival, fecundity, and population dynamics.
Although insects are naturally not subject to constant temperature regimes, such as those employed in our assays (Summers et al., 1984) , our work does provide valuable information on A. lucorum life history. Some of our findings could be used to predict population dynamics, and help improve current pest management practices for A. lucorum in several agro-production environments of eastern Asia.
